Abstract: In this work, we studied the formation of partially stabilized zirconia by a high energy ball milling (HEBM) approach. Zirconia powder was mixed with 8 mol% MgO and the powder mixture was milled for 10 hours. The structural and morphological evolutions of the powder particles were studied using X-ray diffraction (XRD) and scanning electron microscopy (SEM), respectively. The Williamson-Hall method was used to calculate the crystallite size of the zirconia powder particles. The results show that the tetragonal zirconia phase (t-ZrO 2 ) can be very well stabilized after the addition of 8 mol% MgO. The formation of t-ZrO 2 was identified by XRD analysis after 3 hours of ball milling. In addition, SEM results demonstrated a great refinement in the size of the ZrO 2 particles whose distribution was in the sub-µm to nm range indicating better microstructural characteristics.
INTRODUCTION
Polymorphism in ceramics is an interesting topic in powder metallurgy, especially in zirconia, for several decades.
Zirconia-based ceramics are widely in use due to their attractive electrical and mechanical properties as well as their high ionic conductivity at elevated temperatures with various applications in electrochemical cells, such as fuel cells, bioimplants, oxygen sensors and oxygen pumps [1] [2] [3] [4] [5] [6] . Pure zirconia exhibits various polymorphs, i.e., a monoclinic (mZrO 2 ) phase at standard room temperature and pressure (STP) which transforms to tetragonal (t-ZrO 2 ) at around 1170°C followed by a cubic fluorite structure (c-ZrO 2 ) at around 2370°C before melting at 2716°C [7] . Drastic volume changes (≈ 2.31%: c-→ t-ZrO 2 and 4.5%: t → mZrO 2 ) associated with these transformations make the pure ZrO 2 unsuitable for industrial applications that require a compact structure. The t ↔ m-ZrO 2 transformation has important technological advantages because densified/fired structures may get easily transformed from tetragonal to monoclinic phases during cooling from firing temperatures (≈1300 -1500°C) [8] . This may result in a serious crumbling of the ceramic components into fine multi-grained powders.
Various studies attempted to prevent this t → m-ZrO 2 transformation by forming solid solutions or alloys of c-ZrO 2 with various dopants like MgO, CaO, La 2 O 3 , or Y 2 O 3 , in concentrations lower than that required for full stabilization of c-ZrO 2 . By alloying with these oxides, the strained m-ZrO 2 phase at room temperature favors more symmetric metastable c* and t* lattice structures that are analogous to those in pure zirconia but have dopant ions substituted on Zr 4+ sites and have a fraction of oxygen sites vacant to retain charge neutrality [9] [10] [11] [12] . The crystal can be stabilized partially or fully, but partially stabilized zirconia (PSZ) has mechanical properties superior to those of fully stabilized zirconia, i.e., a low overall thermal expansion coefficient that counteracts the large thermal contraction of the c-ZrO 2 [13] . [14, [24] [25] [26] . The underlying mechanism is the stress-induced t → m-phase transformation. The key to getting good fracture toughness in Mg-PSZ is to maximize the amount of transformable tetragonal phase by eutectoid and/or sub-eutectoid aging treatment and an optimized cooling rate [14, [23] [24] [25] [26] .
There are various well-established methods for the synthesis of zirconia: wet chemical methods, plasma spraying, high energy ball milling (HEBM), pulsed laser deposition, laser evaporation-condensation, and hot isostatic pressing [27] .
However, HEBM has its own additional advantages. For example, it is simple, easy, economical, and environmentally friendly. Such ball milled powders are generally homogeneous in composition, very reactive and able to be sintered at lower temperatures than those usually employed, and they yield materials with higher density and improved mechanical and electrical properties [27, 28] . It has been shown that dual phase MgO-ZrO 2 ceramics have excellent thermal conductivity for various applications [26] . This paper describes the results of our experiment to fabricate dual phase magnesia-zirconia ceramics. In this study, we synthesized the zirconia stabilized by 8mol% MgO by the mechanical milling approach. The
Williamson-Hall Method was employed to determine the crystallite size and lattice strain of the zirconia and morphological characterizations were carried out.
EXPERIMENTAL DETAILS

Materials
Magnesium oxide (MgO, 99.8% purity) and zirconium oxide (monoclinic, 99.9% purity) were procured from Sigma Aldrich, USA. The compositions are given in Table 1 . The centrifugal force produced by the vials rotating around their own axes and the force produced by the rotating support disk both act on the vial contents, which consists of the material to be ground and the grinding balls. Since the vials and the supporting disk rotate in opposite directions, the centrifugal forces alternately act in opposite directions [27, 28] . This causes the grinding balls to run down the inside wall of the vial, the friction effect, followed by the material being ground and grinding balls lifting off and traveling freely through the inner chamber of the vial and colliding against the opposing inside wall, the impact effect [28] . The ball to powder weight ratio was ≈ 10:1, and toluene was used as a process control agent. The samples were obtained at 0, 1, 3, 5, and 10 h.
Method
Characterization studies
The samples thus obtained were characterized for their phase identification and crystallite size by a Bruker's X-ray diffractometer with a Co target operating at 40 kV and 30
mA. The X-ray diffraction pattern was further analyzed using Philips X'pert software applications.
The morphology of the powders was determined from the JEOL scanning electron microscope (SEM). Energy dispersive X-ray analysis (EDS) was carried out to examine the follows. In general, the X-ray diffraction peaks are broadened due to the instrumental effects, the crystallite size, and the R.M.S. strain in the material. Structural broadening for the calculation of crystallite size is obtained using the relation:
where β standard and β observed are the full width at half maximum of any particular reflection from the standard silicon disc and the powder, respectively, and β is the full width at half maximum of the particular reflection peak. The crystallite size analysis was done by the Williamson-Hall method. This method assumes that both the size and strain broadening of profiles follow Lorentzian distribution [29] . According to this assumption, the mathematical relationship involving the integral breadth (β), the volume weighted average crystallite size (D v ) and the lattice strain (ε) can be given as
The plot of versus gives the value of the lattice strains from the slope and crystallite size from the ordinate intercepts.
Further, to examine the particle size and distribution, transmission electron microscope (TEM, Philips G20 Twin, USA) was employed operating at 200 kV. The as-prepared powders were subjected to ultrasonic vibration in ultrasonicator (Labsonic M) in ethanol for 2 h and drop coated carbon grids for examination.
RESULTS AND DISCUSSION
XRD analysis
The X-ray diffraction profile was plotted for different hours of ball milling as shown in Fig. 2 .
The X-ray diffraction data revealed that with an increasing milling time the crystallite size of the powder decreased gradually as the peaks became broader. At a 2-theta value of
28.15
o , the peak in the 0 h sample confirmed the presence of m-ZrO 2 [30] . With an increase in the milling time above 3 h, the presence of tetragonal phase was detected [31] . As the milling time increased, the tetragonal phase became more prominent, which is evident from the splitting of the peak as Fig. 2 . X-ray diffraction pattern of the samples. Fig. 3 . Process of tetragonality in zirconia phase with ball milling duration. The tetragonal phase of zirconia is confirmed at 3 h ball milling and it becomes more prominent as the time of milling increases.
crystallite size was also determined using these data. For asreceived zirconia powder (0 h ball milled sample), the average crystallite size was in the sub-micrometer range. This value went on decreasing as the milling time increased and reached the nanometer range. is relatively comparable to that of high-temperature conditions where t-ZrO 2 becomes stable, i.e., 10 h of ball milling.
Crystallite size determination
Similar behavior was also noticed by Chen et al. in the past [33] . On the other hand, the magnitude of the increase in temperature during the milling process was too low ~100- C to drive the m → t-ZrO 2 transition. Therefore, it seems almost impossible to form t-ZrO 2 in the given conditions. However, it is well established that the addition of oxide dopants, such as calcia or magnesia, reduces the temperature gap in the m → t-ZrO 2 phase transition [34] .
In other words, the solid solution of m-ZrO 2~[ m- A more clear shape and distribution of zirconia powders is seen in the TEM image of the 10 h ball milled sample (Fig.   6 ). The particle size is around 22 nm at high resolution, which confirms the XRD results ( Table 2 ). The selected area diffraction pattern further confirms the tetragonality in the zirconia particles.
Based on the observations, the phase transition process is given as:
It can be inferred that HEBM is an important means to tailor zirconia-based ceramics and can possibly produce some novel microstructures.
Theory of zirconia stabilization
The first observation of the m → t-ZrO 2 transformation during vibratory type milling was noticed in 1972 [38] . It was found that when a sufficiently small particle size of ZrO 2 reached ≈10-30 nm, the m-phase transforms to the t-phase. It was shown that the surface energy excess, i.e., the difference in surface energy between m-and t-ZrO 2 accounted for the phase transformation. In particular, lower surface energy is of the tetragonal transition rather than the monoclinic one.
According to thermodynamics, in general, for the stability of the tetragonal phase [39] , we have (4) where G is the free energy of a zirconia crystal (cal/mol), V is the strain energy (cal/g); γ is the surface free energy (cal/ cm 2 ) and S is the specific surface area (cm 2 /mol). For spherical particles S = 6/ρD. Here ρ and D are the density and particle diameter, respectively. Equation (4) can be rewritten as:
The critical diameter Dc below which particles will transform to tetragonal phase is given by 
Here, Mg" Zr is Mg . The TEM analysis showed that the particle size of tetragonal zirconia after 10 h milling was around 22 nm. We concluded that the 
ACKNOWLEDGEMENTS
This research was supported by Basic Science Research 
